For over 140 years, medical scientists have searched for ways to identify women at high risk of breast cancer from those not at elevated risk (1) . Recently, we have seen this search come to a logical end point with a proof of principle that risk reduction is in fact possible through selective use of chemopreventive agents (2, 3) . Here I review some of the history of the search, summarize what we know, and what we might do to improve our identification of women at risk. Finally, I summarize some of the strategies that we could already be pursuing.
The evidence that breast cancer could be preventable comes from studies of international variation of breast cancer (4) and studies of breast cancer in migrants (5) . Together, these two sources of evidence powerfully support the contention that we might prevent breast cancer. Alas, it is very common to see articles conclude with statements such as ''much of breast cancer epidemiology is not explained by known risk factors'', implying that we must continue the search for new risk factors rather than take what we know and act on it.
The international variation in breast cancer incidence during the 1980s is summarized in Fig. 1 to highlight the magnitude of the difference between San Francisco, typical of U.S. incidence rates, Japan, and China. More recently, rates in Japan (6), Singapore (7) , and China (8) have been rising. Using a log-scale to plot breast cancer incidence, we see a sharp inflection at around age 50. We have a 4-fold increased rate of breast cancer in San Francisco, which is typical of western society compared with traditional agrarian societies. This cross section of incidence rates from tumor registries summarizes data in 1980s; thus, the women who are in their 70s and 80s in Japan and China were born around 1900. In fact, that generation of Japanese women, who have this low rate of breast cancer in their 70s and 80s, were paid a bounty by the Japanese government when they reached their 10th child (9) , as the Japanese government tried to build its army to fight the Chinese. Meanwhile, the Chinese were having six to eight children as a typical reproductive pattern.
Also of note is the rate of increase from late teen years through to 30 or 35, which is in fact quite comparable between a country like the United States, where we end up with a very high incidence rate, and the Asian countries, with significantly lower rates of breast cancer (10) . This accumulation of risk will be considered in the context of models of breast cancer incidence, paying particular attention to the timing of exposures. These have been developed and applied to data from the Nurses' Health Study (NHS) in collaboration with my colleague, Bernard Rosner.
The Nurse's Health Study began in 1976, following pilot studies conducted by Dr Speizer. The major hypothesis at the initiation of the prospective cohort study was the relation of oral contraceptives to risk of breast cancer. Additional hypotheses included smoking, postmenopausal hormone use, and hair dye use in relation to cancer in women. The National Cancer Institute has funded the study since it began.
The 121,700 participants are followed with a mailed questionnaire every 2 years, of whom f90% respond. Updating of exposure and outcome information occurs with this questionnaire cycle, providing a unique resource, even compared with most of the other cohort studies, because of this repeatedly updated exposure information.
Drawing on these data, we have evaluated the relation between reproductive and other exposures to risk of breast cancer (11) (12) (13) . The important feature of this work is that we focus on the temporal relation between the exposure and breast cancer incidence. If we can do this and improve our modeling and understanding of these relations, our hope is that we will actually create a better summary of the pathways to breast cancer and improve prediction of risk both at the population level (that is the total number of cases expected), and at the individual level, so that we might identify high risk women more accurately. By focusing on the timing of exposure, we might also identify areas that could maximize reduction in risk and hopefully lower the burden of breast cancer.
The concepts underlying modeling were set forth by Armitage and Doll (14) , describing a multistage theory of carcinogenesis. Moolgavcar applied this approach to breast cancer (10) and noted the increase in incidence in premenopausal women, which is consistent around the world. Our more recent work has applied these concepts to breast cancer (11) . In 1983, Pike set the stage for much of our work (15) , describing a model of breast cancer incidence. It was based on the concept of breast tissue aging as the root cause of breast cancer. We are using the same approach, but think of it as an accumulation of cell division and molecular damage on the pathway to breast cancer. Tissue damage or aging starts at a constant, rate C, at menarche continues to T1 the time of the first pregnancy at which point there is a decrease in the rate of tissue aging. That continues to menopause when there is an additional decrease and after menopause, up to current age, the rate continues at a far lower level. Pike included in his model a term for an increase in risk with the first pregnancy. Pregnancy thus has dual effects: an increase in risk that is a one-time adverse effect and a decrease in the subsequent rate of tissue aging. The area under the incidence curve represents the cumulative tissue aging.
In extending the Pike breast cancer incidence model, we first focused on the effect of the first birth, which varies according to the duration from menarche to first birth (11) . Petrakis encouraged us to explore this under the assumption that a later first pregnancy would allow for more time for DNA damage. The proliferation due to pregnancy hormones would therefore be acting on a more damaged set of DNA and carry a greater adverse effect. In fact, this is confirmed in the incidence model (13) .
Initial modeling followed the assumption that incidence is related to a power k, the number of hits required to develop cancer. Peer review feedback suggested an alternative analytic approach producing terms that are interpretable on the relative risk (RR) scale and hence more accessible to the average reader (13) . The original approach gave some mathematical terms that we had trouble talking about in the context of risk and RR. Our ongoing work is now applying this model in terms of estrogen receptor (ER) -positive (ER + ) and ER-negative (ER À ) breast cancer (16) . Our multiple birth model, as we apply it, shows an adverse effect of the first pregnancy, a decrease in the rate of tissue aging with each subsequent pregnancy. We in fact can test for an adverse effect with the second or third pregnancy and see no significant adverse effect (11). As we shorten the interval between births, we observe a lower rate of tissue aging and incidence of breast cancer. The cumulative effect of exposure to cycling endogenous hormones of the premenopausal women is thus reduced.
One feature of our work is to focus on the magnitude of risk as it varies by age and calculate the cumulative risk to age 70 (12) . We believe this is a more useful summary of risk because the effects of some risk factors vary by age; for example, body mass index reduces risk in premenopausal women but increases in risk for postmenopausal women leading to challenges in risk communication.
The spacing of births is significantly related to reduced risk; the closer the births are, the lower the risk. Plotting the age incidence curve for a typical woman with age at menarche 13 and age at natural menopause 50, we have a nulliparous woman with cumulative incidence (area under the curve) of 6.92%; having one pregnancy at age 35 has an adverse effect that persists as increased risk throughout life compared with the nulliparous women [95% confidence interval (95% CI), 8 .03%]. A woman with four births at ages 20, 23, 26, and 29 has a significantly lower risk than the nulliparous woman (5.07%).
With regard to cumulative risk to age 70, we see a 16% increase in risk for the woman with one birth at age 35 and a 27% reduction in risk by having four children starting at age 20. Thus, even in the typical U.S. population, pregnancy history can contribute substantially to variation in risk and may explain much of the Black/White crossover in breast cancer incidence. A 4-year difference in age at menarche from 11 to 15 would give a 30% reduction in risk of breast cancer. Whereas we do not have any effective interventions to promote changes in age at menarche, evidence suggest that physical activity and diet may reasonably affect age at menarche. Our current young age at menarche is not a longstanding tradition of western society. Scandinavian countries back in the 1860s, at the turn of the industrial revolution, had a mean age at menarche at 16 to 17 (ref. 17; see Fig. 1 ). More recent data from China in 1980 show an average age at menarche of 17 among rural Chinese women (18) .
In contrast, age at menopause does not vary over time. We can see that a 10-year difference in age at natural menopause, comparing a woman with menopause at 45 to a woman at 55, lowers risk by some 44% (95% CI, . This points to the importance of the age at menopause and the effect of the reduced rate of increase in breast cancer risk after menopause. Early menopause reduces risk, and we have growing evidence that high circulating hormone levels after menopause increase risk (19) . Furthermore, antiestrogen selective ER modulators may effectively reduce risk of breast cancer (2, 3), but we are left with the challenges to whom we might target such preventive therapies, and how do we balance risks and benefits (20) .
The evidence for hormonal exposure after menopause starts with obesity and its negative effect on survival. We have a long history of tamoxifen as an agent to reduce mortality (21) after breast cancer and now we have evidence for tamoxifen and raloxifene as agents to prevent breast cancer (2, 3) .
The other intriguing piece of evidence on the role of hormones and the potential to identify women who may benefit most by use of selective ER modulators comes from the MORE study, where the baseline estradiol level was used to stratify out the women in the raloxifene trial (22) . In the placebo group, the breast cancer risk increased with baseline estradiol levels and the greatest reduction in risk among women allocated to raloxifene was observed among women with the highest baseline estradiol levels. Thus, we can start to see a model that if we can identify women either with high baseline estradiol levels or at high risk in this hormonal milieu and if we have the right agent available, we might achieve substantial reduction in risk.
If we evaluate use of exogenous postmenopausal hormones, with menarche at 13 and natural menopause at age 50, 10 years of use of estrogen plus progestin or estrogen alone lead to substantial and significant increases in risk of breast cancer, consistent with a growing body of epidemiologic data (23) . In fact, the Women's Health Initiative shows the same effect for the combination estrogen plus progestin as the observational epidemiologic studies do (24, 25) . We also see that women who gained <5 kg (11 lbs) because leaving high school have the most dramatic adverse effect of adding exogenous hormones so that 10 years of use of E plus P gives about a fourfold risk compared with never users (26) . With greater weight gain, we observe lower RR to the point that for women who have gained over 20 kg after leaving high school, adding hormones does not do much, presumably because their circulating estrogen levels are already so high. This in itself is consistent with the raloxifene data, emphasizing the role of the underlying hormonal exposure. Do these risk factors apply equally to ER + cases, where we have reasonable treatment strategies, and ER À cases? Furthermore, given the different age incidence patterns for ER + and ER À tumors (27) , could application of this model give new insights? Several studies (28) (29) (30) As a society, we have maximized the interval from menarche to first birth, in part reflecting greater education and more effective contraception. This translates into a greater breast cancer burden, which will include a higher proportion of ER + tumors. Thus, we must ask ourselves, in terms of prevention, what can we do given this social context? Obviously, we cannot undo the increasing duration from menarche to first pregnancy. There is no current hormonal manipulation that might mimic first pregnancy and generate the ensuing benefit. Accordingly, we have focused our attention on the interval from menarche to first birth, to understand how exposures during this interval may offer a route for prevention. We have examined high school diet among participants in the NHS II, a cohort of younger nurses. We have evaluated risk of proliferative benign breast disease, a marker of breast cancer risk, and also breast cancer incidence. Some 29,000 women free from benign breast disease in NHS II completed a questionnaire in 1998, which had some 131 food items, asking them to recall their typical dietary intake during high school. Incident cases (n = 470) of proliferative benign breast disease were confirmed through centralized pathology review. We observed a positive relation between animal fat and incident proliferative disease and an inverse relation between vegetable fat and benign breast disease (35) . Vitamin E and fiber are also inversely related to benign breast disease. However, contrary to our prior hypothesis (36) , vitamin A, carotenoids, and folate intakes, show no relation. Components of diet might, therefore, offer useful strategies to lower risk of benign breast disease as supported by the underlying basic biology and the potential for their manipulation in the food supply.
We have also evaluated adolescent diet in relation to incidence using 361 breast cancer cases. We see that vegetable fat is significantly inversely related to risk of breast cancer (RR top quintile versus the bottom quintile, 0.58; 95% CI, 0.38-0.86; P trend = 0.005; ref. 37) . Vitamin E also showed a significant reduction in risk for the top versus bottom quintiles (Q 5 versus Q 1 multivariate RR, 0.61; 95% CI, 0.42-0.89; P trend = 0.003). Again, vitamins A, C, D, and folate were not related to risk of breast cancer. Both of these findings give us some hope, although they need replication before we move forward with preventive action. Certainly, these findings suggest that exposure between menarche and first pregnancy may offer a real avenue for future prevention. Alternatively, a long lag between dietary exposure and breast cancer incidence may be required; a feature that is rarely evaluated in studies of diet and breast cancer.
Breast cancer risk accumulates through the life course. Selective ER modulators may offer one potential strategy for risk reduction. But, how do we identify the subgroup of the population that will get the most benefit with the fewest side effects, and what can we recommend for women to reduce breast cancer risk while we try to refine the identification of risk groups? One option is to take the modeling that Dr. Rosner and I have completed to evaluate if it can do a better job than the Gail model to identify high-risk women who would potentially have the most benefit from the selective ER modulator -type strategy. We have taken the model, developed it, and now validated, it with goodness of fit and its ability to predict risk and discriminate between those who will get breast cancer and those who will not. Overall, the model predicts well (38) . We can apply it to a separate 4 years of incident cases (1994-1998) and get a good fit to the data. We also observe a RR of z5, comparing the top to bottom decile. This suggests we are starting to separate out high-risk from low-risk women; the statistic for discriminatory accuracy is 0.62. If we are tossing a coin to separate out our women of the same age and whether or not they will get breast cancer, we would say we have a discriminatory accuracy of 0.5. Cardiovascular prediction rules run around 0.8 for the best estimate of discriminatory accuracy (39) . For breast cancer, there is room for improvement in discriminatory accuracy.
We can also compare performance to the application of the Gail model within the NHS. Rockhill has shown that the model from Gail clearly applies well in the NHS (40) . It gets the number of cases correct but has a discriminatory accuracy statistic of 0.58. Identifying which women will get cancer and who will remain free from cancer is really not all that successful. We observe a RR comparing the top versus bottom decile of risk by the Gail model of only 2.8 compared with 5 in the Rosner model, which includes more risk factors (38) . Of note, 44% of women who actually developed breast cancer in 5 years started with a risk of z1.67; the cut point that is typically used to identify women for tamoxifen. The majority of breast cancer cases in the NHS cohort occur in women who are not separated out by the recommended cut point of 1.67. The women who remain free from breast cancer and the women with the estimated 5-year risk overlap. Ideally, we would like to separate the two and be able to identify risk.
Neither the Gail nor the Rosner model includes endogenous hormone levels. Adding hormone levels should increase discrimination. Preliminary data suggest a value of about 0.68 for the discriminatory test, an increase from about 0.62 to 0.68, but our CIs are very wide because we have few cases from this nested case-control data set. Addition of breast density may further increase our predictive ability. The Harvard Specialized Programs of Research Excellence in breast cancer is facilitating such work.
The importance of hormones in breast cancer etiology and prevention is clear. We have data from the tamoxifen prevention trial as a proof of principle for chemoprevention as a feasible strategy to reduce risk, particularly for ER + breast cancer (2) . We must determine which agent is going to give us the risk benefit ratio that is acceptable to women, remembering that the cholesterol search took 30 years to get us to statins from cholestyramine and other early cholesterol lowering agents.
In the mean time, modifiable risk factors are amenable to change. Alcohol intake is consistently related to increased risk of breast cancer; limiting alcohol is one option. Exciting evidence from the cohort (41) shows that among women with high plasma folate levels, there is no adverse effect of alcohol. Thus, increasing plasma folate levels through the use of multivitamins or fortification of the food supply may prevent breast cancer, particularly for women who are consuming alcohol.
If we think about how we present risk, there are a number of questions we might ask that point to whether we are doing a service or a disservice in the way we present the results of epidemiologic studies. The disservice includes undue anxiety about breast cancer risk. The study of breast cancer risk by Black et al. at Dartmouth College (42) , observing that the most common response to what ''1 in 10 risk of breast cancer'' means is that on average one woman in 10 will die in the next 10 years. One in five was their mean estimate of how many women will be diagnosed with breast cancer in 10 years; again, grossly misestimating risk! Public health professionals and the media have combined to give misleading information to women. We need to move beyond talking about lifetime risk, because lifetime for any one person is hard to estimate. Accordingly, in our own work, we have shifted to using age 70, which women may at least be able to relate to more easily than their unknown lifetime risk.
Returning to preventability, I pointed to international variation as strong evidence supporting this. I have shown some of the variation that reproductive characteristics can contribute as well as growth, obesity, and postmenopausal hormones. We can add to this data on alcohol and folate. Our retrospective findings for vitamin E and vegetable fat intake during adolescence are provocative, suggesting up to 50% reduction in risk (35, 37, 43) . Replication of this work, together with prospective confirmation, must be a high priority before we can frame prevention strategies.
We have modeled breast cancer incidence, focusing on risk accumulation. This points most strongly to the interval from menarche to first birth, an interval where we have less epidemiologic data than in the rest of life in relation to breast cancer risk. Globally, industrialization will drive breast cancer risk as the interval lengthens with development. We also have a range of social pressures to complete education and establish careers before childbirth. These forces exacerbate the population risk of breast cancer.
Prevention should be considered in the context of levels of intervention that we need in place if we are to succeed at any prevention strategy, be it tobacco, lowering the risk of breast cancer, or any other preventive endeavor. We must identify what we can do through health care providers, through regulatory approaches, and at the community level (44) . In terms of the risk of breast cancer, it is clear that health care providers can already be counseling on diet, physical activity, and avoidance of weight gain, to lower risk of breast cancer and other chronic diseases. Ideally, we will have strategies to identify high-risk women and focus chemopreventive interventions on them. Facilitating lactation (45) , physical activity (46) , and fortification of the food supply to raise folate levels are examples of how regulatory approaches can lower breast cancer risk. At the community level, we need a range of changes that would foster and support physical activity and ultimately access to medical care.
We have much work to do to translate our findings from epidemiologic and clinical studies to successful prevention of breast cancer. If we can apply what we already know, there is real potential to lower the burden of breast cancer in our society today.
